INTRODUCTION
The coastal area off northern Chile (~18 to 24°S) has been characterised by intermittent wind-driven upwelling events (Blanco et al. 2001) , and with a high spatial and temporal variability in total primary production (0.1 to 9 g C m -2 d -1
; Daneri et al. 2000) . Besides the classical food web sustained by microphytoplankton (> 50%), this upwelling area contributes to a microbial food web, particularly important during El Niño periods (Iriarte & González 2004 , Vargas & González 2004 . This area also exhibits a permanent Oxygen Minimum Zone (OMZ) (defined by levels < 0.2 ml dissolved oxygen [DO] l -1 ; Kamykowski & Zentara 1990) , associated with the Equatorial Subsurface Waters (ESSW) and transported from the north by the Peru-Chile Undercurrent (Brandhorst 1971) .
The upper boundary of the OMZ off northern Chile is represented by sharp DO, temperature and salinity gradients, including a shallow salinity minimum (SSM; 25 m depth), with all variables contributing to high water column stratification when upwelling is not ABSTRACT: Ammonium (NH 4 + ) cycling rates under different dissolved oxygen (DO) conditions in the water column, at a coastal upwelling area off northern Chile (~23°S), were estimated. Net NH 4 + regeneration (eukaryotes and prokaryotes) and NH 4 + oxidation (nitrifying bacteria) rates were examined by means of selective inhibitor assays (cycloheximide and allylthiourea) under dark conditions. Whole water samples for incubations were taken in the oxycline, low-DO zone (30 m; 69 µM DO), and in the upper boundary of the Oxygen Minimum Zone (OMZ), suboxic zone (50 m; < 5 µM DO). Net NH 4 + regeneration and consumption were also determined in size-fractionated (< 200 µm) experiments with water samples obtained from the suboxic zone (50 m) and the base of the mixed layer, oxic zone (15 m; 104 µM DO). Results indicate that, in the oxycline, prokaryotes were responsible for most of the NH 4 + cycling, with regeneration and oxidation rates of ~1.3 and 0.56 µM d -1
, respectively. This, in turn, favoured NH 4 + and NO 3 -accumulation in this layer, characterised by strong physicalchemical gradients (temperature, salinity and DO), and accompanied by lower abundances of cyanobacteria (0.09 × 10 5 cells ml -1
) and heterotrophic nanoflagellates (HNF; 15.6 cells ml -1
). In the oxic and suboxic layers, eukaryotes appear to be the main contributors to net NH 4 + regeneration (4.6 to 17.7 µM d active (Blanco et al. 2001 ). The oxycline is normally quite shallow (Morales et al. 1999) Goericke et al. 2000) . The presence of a cyanobacteria-dominated community layer may represent an additional carbon source for bacterivores (such as heterotrophic nanflagellates [HNF] ) that are able to live under low DO concentrations, enhancing a microbial food web (Park & Cho 2002) . In turn, HNF and other eukaryotes are expected to contribute a high percentage of NH 4 + regeneration (e.g. > 73%; Maguer et al. 1999 ) via excretion, a process coupled with higher NH 4 + oxidation rates (the first step of nitrification), as observed in the upper boundary of the OMZ off Peru (Ward et al. 1989 , Lipschultz et al. 1990 ). The NH 4 + oxidation process is crucial for nitrogen (N) cycling in OMZs due to the coupling of NH 4 + regeneration with denitrification, the main process contributing to N loss in the ocean by means of gas production (N 2 O and N 2 ; Codispoti et al. 2001) .
So far, N cycling studies in OMZ regions have been focused on the assessments of NO 3 -reduction and NH 4 + oxidation processes, while far less attention has been given to the evaluation of NH 4 + regeneration (i.e. excretion and remineralisation) and to the identification of the main contributors to this process. This study evaluates the relative contribution of eukaryotes and prokaryotes to the net NH 4 + regeneration and consumption, and assesses the NH 4 + consumption by nitrification in the water column, in a coastal upwelling area off northern Chile (~23°S) during the austral spring. For this purpose, natural planktonic assemblages obtained from seawater samples with different DO conditions were incubated with a combination of selective inhibitors halting the different NH 4 + cycling processes.
MATERIALS AND METHODS
The study site (Fig. 1) , located off Mejillones Bay (Stn ABGQ; 22°51' 13'' S, 70°33' 05'' W), was visited in December 2002 on board the RV 'Purihaalar' (University of Antofagasta). The sampling first considered the measurement of the physical and chemical parameters (temperature, salinity, fluorescence and oxygen) with a CTD-FO. These casts were examined in terms of the DO to select the depths for collecting water for the experiments, including oxic (104 µM), low-DO (69 µM) and suboxic (5 µM) zones. In addition, discrete water samples for DO, NH 4 + , NO 3 + and NO 2 -concentrations, and for HNF, bacteria and cyanobacteria abundances, were collected in Niskin bottles (5 l).
Experimental design to evaluate NH 4 + regeneration and consumption contributors. Non-fractionated experiments for NH 4 + regeneration and consumption via nitrification were carried out using water samples from the oxycline (30 m) and suboxic (50 m) layers. Seawater (12 l) was collected from each depth (03:00 h) and stored in the dark with running surface seawater until arriving at the laboratory in Antofagasta (~5 h). In the laboratory, the seawater was carefully distributed (in order to avoid further oxygenation) into 4 glass amber bottles (2.5 l). One of the bottles was amended with a well-recognised NH 4 + oxidation inhibitor of autotrophic NH 4 + -oxidizing bacteria, allylthiourea (ATU), at a concentration of 0.09 µM . A second bottle was treated with an inhibitor of eukaryotic protein synthesis, cycloheximide (CX), at a concentration of 100 mg l -1 (Campbell & Carpenter 1986 , Wheeler & Kirchman 1986 , Fischer & Pusch 1999 . A third bottle was amended with a combination of both inhibitors (ATU + CX) and a fourth bottle was used as a control (no treatment). Initial concentrations of dissolved inor- -, NO 2 -) were measured in each bottle. After nutrient sub-sampling, the remaining water in each treatment bottle was distributed into 3 smaller glass bottles (500 ml), which were completely filled; these bottles were incubated for 7 h in the dark and under controlled temperature (13°C). At the end of the incubation time, each bottle was subsampled for DIN determination. Potential NH 4 + oxidation rates were also evaluated under substrate addition since CX, due to its composition, increases the natural NH 4 + concentrations (~0.1 µM; Wheeler & Kirchman 1986 ).
Size-fractionated (< 200 µm mesh) experiments on NH 4 + cycling, also including HNF, bacteria and cyanobacteria changes in abundance during the incubations, were performed in the oxic (15 m) and suboxic (50 m) levels. Seawater was collected (09:15 h) and distributed into 4 bottles (500 ml); 2 were amended with CX and the other 2 were not treated (control). For the determination of initial NH 4 + concentration, subsamples were taken from 1 bottle, while samples for determination of HNF, bacteria and cyanobacteria abundances were taken from the other bottle. After this, the bottles were incubated on-deck (~4 h), in the dark, and cooled down with running surface seawater (~17°C). Sub-sampling for final conditions was then undertaken for the same variables.
Analytical methods and data analyses. DO (125 ml, triplicate) was analysed following a modified Winkler method (Williams & Jenkinson 1982) . NH 4 + (40 ml, triplicate) was determined using the fluorometric method (Holmes et al. 1999 ) with a Turner Designs 10-AU fluorometer. NO 2 -(10 ml, duplicate) was immediately analysed on board, using a standard colorimetric technique (Parsons et al. 1984) . Samples for NO 3 -and NO 2 -determination were recovered, filtered (GF/F, Whatman) and stored frozen until later analysis by an automated analyser (ALPKEM, Flow Solution IV). Samples for bacterioplankton and HNF were immediately fixed with glutaraldehyde (2%) and stored in the dark at 4°C until analysis. Bacterioplankton (2 ml) and HNF (20 ml) samples were filtered onto 0.2 and 0.8 µm black Millipore filters, respectively, and stained with DAPI (10 µg ml -1
; Porter & Feig 1980) . Thereafter, these filters (duplicate) were mounted on glass slides and stored frozen (-20°C) until examined. Particle identification and counting were performed under up to 1600× magnification using a Zeiss epifluorescence microscope (Axioskop 2-Plus equipped with a blue and UV light filter set). Cyanobacteria were distinguished from heterotrophic bacteria by the presence of autofluorescent pigments (phycoerythrin or phycocyanin) in the former. For each sample, 10 and 50 fields were randomly selected to count bacterioplankton and HNF, respectively.
Net rates of DIN change through time (NR) in each treatment were calculated by subtracting the average values of the final DIN concentration from the average values of the initial DIN concentration, and then dividing by the incubation time:
The rate of DIN change was averaged from 3 replicates and its uncertainty (±) was calculated using the propagation error and expressed in terms of µM d -1 . The standard deviations derived from the average rates, and the initial and final DIN concentrations were used to estimate the propagation error. A positive value indicates nutrient appearance or production, while a negative value represents disappearance or consumption through time. In size-fractionated experiments, only 1 rate and propagation error for each treatment (control and CX) was obtained. Significant differences between treatments (p < 0.05), considering 3 replicates per NR DIN , were examined by a Student's t-test.
Estimation of the main contributors to NH 4 + cycling. NH 4 + cycling rates were calculated from the differences between the average rates of the corresponding treatments where 1 or 2 NH 4 + cycling contributors were inhibited (Table 1) , distinguishing between eukaryotes, prokaryotes and/or NH 4 + -oxidizing bacteria (AOB). NH 4 + regeneration and consumption are 'net' rates because the experimental approach includes both production and uptake processes ( + enrichment introduced by CX) was calculated following the same approach mentioned above but using CX treatments; in this case:
In addition, AOB activity was calculated from the difference between the NO 2 -rates of change in the ATU treatments (ATU and ATU + CX), and the control and CX treatment (when NH 4 + oxidation is not inhibited, a higher NO 2 -production is expected). In this way, natural and potential NH 4 + oxidation rates were also calculated as follows:
R NH4+ OXID potential = NR NO2-CX -NR NO2-ATU + CX ATU inhibits NH 4 + oxidation, but not NO 2 -oxidation; however, if a high coupling between both processes exists, and if ATU stops NO 2 -production by AOB, then NO 2 -disappearance associated with NO 2 -oxidation occurs if no other process, such as NO 2 -reduction, is acting. The NO 2 -oxidation rate is, therefore, estimated from the direct NO 2 -disappearance rate in the ATU treatment, and the indirect NO 3 -appearance rate in the control and CX treatment .
RESULTS

Water column physical, chemical and biological conditions
The vertical distribution of the physical-chemical and biological variables at the study site, obtained from the 09:00 h sampling, are shown in Fig. 2 . Below 15 m, temperature (T ) decreased rapidly with depth ( Fig. 2a) , from 16.5°C at the surface to 13°C at 25 m depth, the base of the thermocline. Salinity (S) distribution also decreased from ~34.8 at the surface to 34.5 at 25 m depth (the Shallow Salinity Minimum, SSM), and then increased sharply to > 34.8 towards 50 m (Fig. 2a) . The strong T and S gradients and the derived density distribution (Fig. 2a) are indicative of water column stratification and, thus, reduced vertical mixing. Except for the 40 m depth data, DO concentrations from the CTD sensor and the Winkler method presented a good Spearman correlation value (r = 0.8; p = 0.004). DO distribution (Fig. 2b) showed higher concentrations at the surface (>100 µM), a sharp oxycline from the base of the mixed layer (~15 m) and down to 35 m depth. Below this depth, according to the CTD-DO data, suboxic levels (≤ 5 µM) signal the influence of ESSW and the upper portion of the OMZ. The relative fluorescence (Fig. 2b) showed 2 maxima, the primary fluorescence peak between the surface and 25 m depth and a weakly defined secondary fluorescence peak between 30 and 60 m depth.
NH 4 + concentration (Fig. 2c) presented a maximum at 15 m depth (0.5 µM), and then gradually diminished until being undetectable below 50 m depth. NO 2 -con- (Fig. 2c ) displayed a small maximum (0.5 µM) also centred at 15 m depth, which decreased to near 0 below this depth, and then increased gradually between 50 and 100 m depth, reaching its highest concentrations (> 7 µM) below this layer. NO 3 -concentration (Fig. 2c ) also presented a bimodal distribution, with a maximum centred between 30 and 40 m depth (≥17 µM), minimum values between 50 to 75 m, coinciding with the increase in NO 2 -concentration, and again higher values (8 to 10 µM) below this depth.
Bacteria, cyanobacteria and HNF abundances ( , respectively). HNF presented a weakly defined maximum at 40 to 50 m depth, with abundances ranging from 36.5 to 44.7 cells ml -1 . In summary, the depths selected for the incubation experiments, i.e. 15, 30 and 50 m, represented 3 DO conditions: oxic (104 µM) at the base of the mixed layer, low-DO (69 µM) at the oxycline, and suboxic (5 µM) at the upper boundary of the OMZ. The upper boundary of the OMZ appears well demarked at 50 m depth, below which the typical OMZ core conditions were observed, including suboxic levels, a Secondary Nitrite Maximum (SNM), a NO 3 -deficit, undetectable NH 4 + concentrations, and secondary bacteria and cyanobacteria maxima. In contrast, the base of the mixed layer and oxycline contained lower NO 2 -concentrations, NO 3 -maxima and higher NH 4 + concentrations.
NH 4 + regeneration and consumption contributors under a DO gradient
DIN mean rates of change in all the treatments, from which the different processes were estimated, are presented in Table 2 . An influence of prokaryotes on NH 4 + cycling, including different types of metabolism (see Table 1 ), was directly observed in the CX treatment in all the experiments (size-fractionated and non-fractionated) and in the ATU + CX treatment (without AOB influence) only in the non-fractionated incubations. In the oxycline zone, NH 4 + appearance rates in the CX treatment, comparable to those in the control (t-test, p = 0.45), indicated that prokaryotes were responsible for net NH 4 + regeneration in the order of ~1.33 µM d -1
(CX + ATU; Table 2 ). In the oxic and suboxic layers, NH 4 + disappearance rates in the CX treatment, and Table 2 ). At these depths, therefore, eukaryotes, which are only active in the control, support the high prokaryote NH 4 + consumption through net NH 4 + regeneration rates of between 4.6 and 17.7 µM d -1 (Fig. 3) . Eukaryote NH 4 + consumption was not evident in any of the depths sampled since NH 4 + accumulation was not higher in the CX treatment than in the control.
NH 4 + and NO 2 -oxidation in the oxycline and suboxic zones
Natural NH 4 + oxidation was only observed in the oxycline zone, based on the slightly higher NH 4 + and NO 2 -appearance rates in the ATU treatment and the control, in comparison with the control and the ATU treatment, respectively ( Table 2 ). The differences among these treatments were not significant (t-test, p > 0.05) and, therefore, no NH 4 + oxidation rates were computed. In the suboxic zone, an unexpected higher NH 4 + accumulation in the control with respect to ATU treatment was found, coinciding with NO 2 -and NO 3 -disappearance rates (Table 2) , and prevented the evaluation of NH 4 + oxidation. Potential NH 4 + oxidation rates were obtained in the oxycline and suboxic zones. In the oxycline zone, a potential NH 4 + oxidation rate of 0.56 µM d -1 (Fig. 3 ) was estimated only through NO 2 -rates of change, which showed a higher NO 2 -accumulation in CX treatment with respect to the ATU + CX treatment (t- (Fig. 3) , derived from the significant difference (t-test, p = 0.02) in the NO 2 -rate of change in the CX versus ATU + CX treatments (Table 2) , and (2) a rate of 0.95 µM d -1 (Fig. 3) , obtained from the difference in the NH 4 + rates of change between the CX and ATU + CX treatments (t-test, p = 0.04), and based on the higher NH 4 + accumulation in the latter treatment (Table 2) . NO 2 -oxidation was directly observed through the NO 2 -disappearance rate in the ATU and ATU + CX amended treatments only in the suboxic zone (-0.26 to -0.67 µM d -1
; Table 2 ). The presence of NO 2 -oxidation was, however, indirectly detected through NO 3 -appearance rate in both the oxycline and the suboxic zones (Table 2 ). Moreover, in the oxycline zone, NO 3 -rates of change were higher and positive in the control and the CX treatments with respect to the ATU and ATU + CX treatments (t-test, p = 0.03 and 0.006, respectively).
DISCUSSION
Eukaryote and prokaryote contribution to net NH 4 + regeneration and consumption NH 4 + regeneration is usually evaluated by combining size fractionation with isotope N experiments, in order to assess the main planktonic size fraction contributing to NH 4 + production carried out by heterotrophic metabolism (excretion or remineralisation, Table 1 ). These results have indicated that NH 4 + regeneration mainly occurs via small heterotrophs, the <10 µm (nanoplankton) and the <1 µm (mostly prokaryotes or bacterioplankton) fractions (e.g. Glibert 1982) . The use of inhibitors in this study allowed us to separate prokaryote from eukaryote influence on net NH 4 + regeneration in the water column; it was found that their relative contribution was variable within the top 50 m. In the oxycline zone, prokaryotes were the main NH 4 + producers, whereas in the oxic (< 200 µm size fraction incubation) and suboxic (< 200 µm and non-fractionated incubations) zones, eukaryotes were the main NH 4 + contributors. Moreover, in the 2 latter zones, there were higher abundances of HNF compared with those in the oxycline zone (Fig. 2) . The net NH 4 + regeneration rates evaluated here are in the upper range and higher than the rates obtained from isotope N experiments in other coastal and upwelling areas (e.g. ≤ 6.5 µM d -1 ; Glibert 1982 , Wheeler & Kirchman 1986 , Probyn 1987 , Metzler et al. 2000 , Varela et al. 2003 , and in mesotrophic lake environments (e.g. 0.26 to 6.2 µM d -1 ; Haga et al. 1995) .
The use of inhibitors in our study also allowed an estimation of NH 4 + consumption, which can be mainly attributed to 2 kinds of metabolisms, photoautotrophy (eukaryote and prokaryote) or heterotrophy (prokaryotes). NH 4 + uptake under dark conditions could be diminished by ~70% compared with light conditions (Gardner et al. 2004) , indicating the predominance of photoautotrophic metabolism. In other environments, however, heterotrophic bacteria could contribute largely to total NH 4 + uptake, even under light conditions (e.g. 79%, Tungaraza et al. 2003) . In this study, NH 4 + consumption by eukaryotes was not evident because NH 4 + was always produced in the control with respect to the CX treatment. In contrast, a net NH 4 + prokaryote consumption (-3.86 to -17.71 µM d -1 ) was observed in the oxic and suboxic zones, at rates comparable with those reported for heterotrophic bacterial potential NH 4 + uptake rates (e.g. 4.6 to 14.6 µM d -1
; Wheeler & Kirchman 1986 , Kirchman & Wheeler 1998 ). In addition, coincident high bacteria and cyanobacteria abundances were found at these depths (Fig. 2) .
Except for AOB activity, the net NH 4 + prokaryote consumption reported herein could not be attributed to a specific type of metabolism, namely, photoautotrophic or heterotrophic. Dark incubations do not necessarily avoid photoautotrophic N uptake. In fact, darkness does not appear to significantly affect glutamine synthetase (an enzyme involved in NH 4 + assimilation) activity in Prochlorococcus sp., cyanobacteria that were detected at 50 m depth in our study area by flow cytometry (O. Ulloa unpubl. data); this is probably attributed to a low light adaptation mechanism (Alaoui et al. 2001 ; Ward et al. 1989 , Lipschultz et al. 1990 , and for other eutrophic areas (e.g. 0.23 to 2.15 mM d -1
; Feliatra & Bianchi 1993). These rates were higher in the suboxic zone compared with the oxycline zone (> 50%), a difference that could be attributed to a quick metabolic adjustment of AOB to more favourable DO conditions during the incubation (e.g. Bodelier et al. 1996) . In the oxycline and suboxic zones, potential NH 4 + oxidation rates represented 42 and 20 to 29% of net NH 4 + regeneration, respectively; in the latter, the remaining 71 to 80% could have been taken up by other prokaryotes (NH 4 + disappearance in the CX-amended treatment). In the oxycline zone, however, the remaining NH 4 + did not appear to have been used but rather accumulated.
The activities of AOB and NO 2 --oxidizing bacteria (NOB) led to the regeneration of the electron acceptors NO 2 -and NO 3 -, which in turn are used for NO 3 -reduction and denitrification, the main process responsible for N loss in OMZs (Codispoti et al. 2001) . Exploring AOB and NOB coupling could be indicative of the state of nitrification and, thus, of the main electron acceptor regenerated and potentially usable. In the oxycline zone, an AOB and NOB activity coupling was detected through the higher NO 3 -appearance rate in the control and the CX treatment, where both bacterial groups are active, in comparison with the ATU treatment where AOB are inhibited (Table 2 ). In the suboxic zone, by comparing AOB (0.95 to 1.34 µM d ) activities, 19 to 70% of coupling was found. NOB activity is expected to be underestimated when using NO 2 -disappearance rate in the ATU treatment, according to the high NO 3 -production rate obtained under this condition (Table 2 ). In fact, in the oxycline and the suboxic zones, NO 2 -produced by AOB represented ≤10% of total NO 3 -production, which means that NO 3 -was built up from a different NO 2 -source than NH 4 + oxidation in our incubations. In the oxycline zone, the higher NO 3 -production rates in the treatments where eukaryotes should be more active (control and ATU), suggest that eukaryotes influence NO 3 -cycling, probably through the potential release of NO 2 -, which may be immediately used by NOB. This influence could be based on photoautotrophic NO 2 -release (e.g. Falkowski & Raven 1997) ; under unfavourable light conditions (as at the bottom of the euphotic zone), phytoplankton active release of NO 2 -is a mechanism which is used to explain the formation of the primary NO 2 -maximum in the oceans (e.g. Kiefer et al. 1976 ).
Potential incubation biases and their effects on
NH 4 + cycling rates CX did not significantly influence the abundance of planktonic organisms after 4 h incubation (data not shown); however, NH 4 + enrichment by CX could have stimulated prokaryote NH 4 + consumption, resulting in an overestimation of net NH 4 + regeneration as compared with isotope N experiment values. The rates calculated using CX versus control data from Wheeler & Kirchman (1986) , however, were in the upper range and higher than the ones obtained from isotope N experiments in the same study (2.7 to 40.8 µM d -1
). Other potential incubation biases could also result in an overestimation of the net NH 4 + regeneration rates, mainly in the oxic and suboxic zones, through a stimulation of NH 4 + uptake by the higher temperature used in the size-fractionated experiments (~17°C).
Potential biases associated with DO increase during sampling and distribution of water into experimental bottles could only be an important issue in the suboxic zone experiments. In this zone, a differential oxygenation was expected between the control and the rest of the treatments. In the control, a higher NH 4 + accumulation (with respect to the ATU treatment) and NO 3 -and NO 2 -disappearance rates were observed, probably associated with a NH 4 + oxidation decrease and the presence of reduction processes, respectively, both being the most sensitive processes to DO change. The expected level of oxygenation in CX, ATU, ATU + CX treatments could, therefore, be associated with DO thresholds in the NO 3 -reduction enzymes (≥ 88 µM; e.g. Körner & Zumft 1989) . Other processes, such as eukaryote NH 4 + regeneration, are not expected to be affected by DO increase since aeration does not seem to influence HNF grazing in hypoxic zones (Park & Cho 2002) .
The present results on NH 4 + cycling through different types of contributors (prokaryotes and eukaryotes) provide, on the one hand, evidence of the importance of eukaryotes in supporting prokaryotic N needs, including uptake and oxidation processes. On the other hand, they allow the identification of a prokaryote-dominated layer in the water column characterised by sharp physical-chemical gradients that are associated with the OMZ. The presence of these features and the cycling processes should be further examined over wider spatial and temporal scales to understand the biogeochemical N cycling in this intense OMZ region.
